A BST RACT : Objective: The objective of this study was to assess longitudinal change in clinical and dopamine transporter imaging outcomes in early, untreated PD. Methods: We describe 5-year longitudinal change of the MDS-UPDRS and other clinical measures using results from the Parkinson's Progression Markers Initiative, a longitudinal cohort study of early Parkinson's disease (PD) participants untreated at baseline. We also provide data on the longitudinal change in dopamine transporter 123-I Ioflupane striatal binding and correlation between the 2 measures. Results: A total of 423 PD participants were recruited, and 358 remain in the study at year 5. Baseline MDS-UPDRS total score was 32.4 (standard deviation 13.1), and the average annual change (assessed medications OFF for the treated participants) was 7.45 (11.6), 3.11 (11.7), 4(11.9), 4.7 (11.1), and 1.74(11.9) for years 1, 2, 3, 4, and 5, respectively (P <.0001 for the change over time), with a steeper change in year 1. Dopaminergic therapy had a significant effect on the change of MDS-UPDRS. There was a significant longitudinal change in dopamine transporter binding in all striatal regions (P <.001). There was a significant but weak correlation between MDS-UPDRS and dopamine transporter binding at baseline and years 1, 2, and 4, but no correlation between the rate of change of the 2 variables. Conclusions: We present 5-year longitudinal data on the change of the MDS-UPDRS and other clinical and dopamine transporter imaging outcome measures in early PD. These data can be used for sample size estimates for interventional studies in the de novo PD population. Parkinson's disease (PD) is the second most common neurodegenerative disease. Although there is a large armamentarium of effective symptomatic therapies, disease-modifying interventions are an area of tremendous unmet need. One of the limitations in the development of therapeutics for PD disease modification is the lack of reliable, objective measures of PD progression. In the absence of objective measures, disease modification trials have traditionally recruited PD participants de novo at baseline and use either change in the Unified Parkinson's Disease Rating Scale (UPDRS) 1 or time to initiation of symptomatic therapy as the primary outcome measures.
2,3 The Parkinson's Progression Markers Initiative (PPMI) is an ongoing observational, international, multicenter cohort study aimed to identify the clinical, serological, genetic, cerebrospinal fluid (CSF) and imaging biomarkers of PD progression in a large cohort of participants including de novo PD patients and healthy controls. PPMI participants are assessed every 6 months with a spectrum of clinical measures, including the MDS-UPDRS and an annual collection of biological and imaging data.
In 2001, the Movement Disorder Society (MDS) convened a task force to develop a new version of UPDRS. 4 The MDS Unified Parkinson's Disease Rating Scale (MDS-UPDRS) underwent extensive clinimetric development and was endorsed by the MDS as the preferred tool to measure PD disability. 5 There are limited published data on the longitudinal rate of change of the scale in the de novo PD population. Such data are important to understand how the MDS-UPDRS may perform when used as an outcome measure in interventional clinical trials conducted in patients with early PD. Dopamine transporter (DAT) 123-I Ioflupane (DatScan) single-photon emission computed tomography imaging is the only commercially approved functional imaging modality to establish presence of presynaptic dopamine deficiency. In clinical practice, DAT imaging is interpreted qualitatively based on the visual interpretation, whereas quantitative analysis is routinely used in the research domain. The scan is increasingly used in clinical trials to exclude patients without evidence of dopamine deficiency who are unlikely to have the pathology that typically causes PD. 6 There are limited data on the sensitivity of DAT binding to longitudinal change, which is an essential question if DAT imaging is to be used as an imaging biomarker in PD clinical trials.
The analyses in this report has 2 main aims: first, to describe the 5-year change of the MDS-UPDRS, other clinical outcome measures, and DAT binding; and second to assess the correlation between MDS-UPDRS and DAT binding in this early PD cohort.
Methods
Newly diagnosed, de novo PD patients (N 5 423) were enrolled in PPMI. At baseline, the PD participants were required to (1) have a recent idiopathic PD diagnosis, (2) be untreated for PD, (3) have DAT deficit, and (4) not have dementia as determined by the site investigator. The aims, methodology, and scope of activities of the study have been previously published. 7 The study was approved by the institutional review boards at each site, and the participants provided written informed consent. The dataset was downloaded on October 23, 2017. Two key outcome measures were examined. First, MDS-UPDRS is assessed at every study visit. Once participants start dopaminergic therapy (DT), defined as levodopa and/or dopamine agonists, the MDS-UPDRS is assessed in the OFF medications state defined in the PPMI protocol as more than 6 hours post-last dose of DT and ON state(approximately an hour after the last dose of DT). Participants treated with other PD medications (non-DT; monoamine oxidase inhibitors and/or anticholinergics and amantadine) are examined only in the ON state. Once participants start any type of DT, the dose is reported as cumulative levodopa equivalence daily dose as well as levodopa equivalence daily dose by DT subclass. 8 Second, all participants underwent DAT imaging at baseline and years 1, 2, and 4. Imaging results are analyzed according to the imaging technical operations manual (http://ppmi-info.org/). DAT imaging data are presented as both the regional specific binding ratio and percent change of the specific binding ratio by striatal subregion. Ipsilateral versus contralateral are defined in relation to the more clinically affected body side at baseline. PPMI dataset also includes CSF measures of the following putative PD biomarkers: b-amyloid 1-42, total tau, tau phosphorylated at threonine 181, and unphosphorylated a-synuclein. CSF measures are not included in this analysis because the 1-year longitudinal data have been recently reported, 9 and 3-year data will be reported shortly.
Statistical Analysis
Summary statistics for baseline demographics and PD characteristics were reported for all PD patients. Repeated-measures linear mixed models were used to examine the changes in MDS-UPDRS total and part III scores, separately for the whole cohort, and for the following subsets of participants: (1) untreated, (2) treated with DT (defined as levodopa and/or dopamine agonists), (3) treated only with levodopa, and (4) treated with other PD medications. Repeated-measures linear mixed models were also used to examine the changes in clinical characteristics and DAT binding over time for the whole cohort.
Spearman correlations were calculated between MDS-UPDRS and DAT binding ratios at each time point for the whole cohort and for the subset treated only with levodopa (using OFF scores in treated patients) and also between the change in MDS-UPDRS and percent change in DAT binding ratios for the whole cohort. The t-tests were used in pairwise comparisons of the 1-year change in MDS-UPDRS total score for patients who were untreated, treated with DT, and treated with other PD medications at year 1.
Results
Baseline demographics and disease characteristics for the 423 PD participants are presented in Table 1 and discussed in the companion paper. The participants' demographics are generally consistent with early PD clinical trials populations. The data on 5-year study retention are presented in Table 2 . At the time of data download, 85% of participants remained in the study. The 5-year longitudinal data on MDS-UPDRS are presented in Table 2 and Figure 1A ,B. The data are presented for the overall cohort and by treatment status as discussed in the Methods section. The numbers reflect all patients who were seen at that time point and who had data on MDS-UPDRS available. Smaller datasets for 36 months and beyond reflect the fact that PPMI is an ongoing study and data continue to be collected. Discrepancies between the number of patients seen and the number included in the MDS-UPDRS reporting reflect missing data largely driven by incomplete data collection predominantly in the medications OFF state. Consistent with the previously published studies, 59% of the PPMI cohort Report generated on data submitted as of October 23, 2017.
a Family history captures any family member and not restricted to the firstdegree relatives. TD, tremor dominant; PIGD, postural instability gait disorder predominant. 
started any PD medications by year 1 and 42% started DT (Fig. 1C) . 10 MDS-UPDRS data for the PPMI participants are presented for the following groups: (1) untreated 1 treated OFF, which includes participants on no medication and on non-DT PD medications and participants on DT examined in the 
medications OFF state; (2) untreated 1 treated ON, which includes participants on no medication, participants on non-DT PD medications, and participants on DT evaluated in the ON state as well as the subgroups of (1) untreated, (2) treated with DT both OFF and ON, (3) treated only with levodopa both OFF and ON, and (4) treated with non-DT PD medications ( Table 2 ). The annual change of the MDS-UPDRS in the whole cohort (assessed medications OFF for the treated participants) was 7.45 (SD 5 11.6), 3.11 (11.7), 4(11.9), 4.7 (11.1), and 1.74 (11.9) for years 1, 2, 3, 4, and 5, respectively (P < .0001 for the change over time). The largest change was in year 1 and plateaued afterward as a reflection of the symptomatic effect of DT. The smallest change at year 5 might reflect a smaller number of patients at that time point. We then calculated the change in MDS-UPDRS total score from baseline to the year 1 visit (Supporting Information Table 1s ). A total of 334 participants had MDS-UPDRS data at year 1, and data on that subset of participants were used for calculation of the change of the MDS-UPDRS total score from baseline to year 1 that was 7.5 (SD 5 11.6) for the whole cohort. There was a significant increase in MDS-UPDRS total score over 1 year in all participants. The largest change was in those who remained untreated (10.7 [SD 10.7] ), the smallest change was in those who started DT (OFF scores; 2.4 [SD 11.4]), and the group that was treated with non-DT PD medications fell in between (7.5 [SD 11.2]) the other 2 groups. All pairwise comparisons in change in MDS-UPDRS total score between groups were significant (Supporting Information Table 1s ). Of note, although the PPMI protocol allows OFF assessments to be done 6 hours post-last dose of DT, the actual average time to OFF assessment was >12 hours at all time points (Supporting Information Table 2s), and there was no significant effects of the time to ON assessment on the degree of change in DT group (Supporting Information Table 3s ). For the participants who started DT, the difference between medications OFF and ON MDS-UPDRS total score was very modest (3.7 [SD 16.7] ) at year 1 (P 5 .07) and increased by year 2 (6.5 [SD 16.7; P < .001]) but still remained modest even at year 5. The difference in the MDS-UPDRS part 3 score in the medication OFF versus ON state was of a similar magnitude (Table 2, Fig.  1a) . The levodopa equivalence daily dose totals for specific types of DT at each time point are presented in Supporting Information Table 4s . The analysis of the OFF/ON difference in the levodopa-only treated group did not change the conclusions.
The 5-year longitudinal data on the change in the other clinical measures are presented in Table 3 . There was a significant change in all measures included, but the magnitude was variable. The change in the MOCA score was small, occurred largely in the first year, and plateaued afterward. MDS-UPDRS parts I and II scores nearly doubled in 5 years, although the absolute change was still small, in the realm of 5 points for both subscores. The majority of patients remained at the Hoehn and Yahr stage 2 (93%), which means mild disease, although the average Schwab and England scores dropped from 93.1(SD 5 5.9) at baseline to 83.3 (SD 5 14.6) at year 5. Detailed analyses of the 2-to 3-year longitudinal change in cognition and other nonmotor symptoms in the PPMI cohort were recently published and are not included in this article. 11, 12 The longitudinal change in DAT binding is detailed in Table 3 and depicted in Figure 1D . There was a significant change in all regions over time. The mean percent reduction (standard deviation) compared to baseline in mean striatum was 11. Table 7s ). The change was greater in the ipsilateral putamen when compared with the contralateral putamen and was greater in year 1 than in subsequent years. Correlation analysis of the regional DAT binding and MDS-UPDRS at each time point (ie, baseline and years 1, 2, and 4) demonstrated a significant, but small, correlation between MDS-UPDRS and DAT binding variables most marked at baseline (Table 4) . Correlations at year 4 are less significant, but there is a smaller sample size at year 4. The magnitude of correlation increased slightly specifically at year 2 when we reran the correlation analysis in the subset of the participants treated only with levodopa (Table 4) . Correlation of the percent change from baseline in regional DAT binding and the change in MDS-UPDRS showed no significant correlation at either years 1 or 2 (Table 4) . At year 4, there was a significant, but small, correlation between change in MDS-UDPRS total score and percent change in both mean caudate and mean striatum binding, but not mean or contralateral putamen.
Discussion
The PPMI study was designed to accelerate development of therapies for PD by clarifying the performance of clinical and biological markers of disease. In this report, we systematically explore longitudinal change of the MDS-UPDRS (considering the impact of introducing symptomatic treatment), other clinical measures, and DAT binding in the PPMI cohort. Furthermore, our study provides data on the correlation between the motor clinical outcomes and DAT binding. These data are highly valuable for the design of future disease modification trials.
S I M U N I E T A L
We conducted an in-depth analysis of the change of MDS-UPDRS over year 1 by treatment status with the rationale that these data are frequently used for the design of the disease modification trials in early PD. A number of previously reported studies have provided data on the longitudinal change of UPDRS total score in early at baseline untreated PD cohorts. [13] [14] [15] [16] [17] The change in UPDRS ranges between 6 and 12 points over 1 year. Taking into consideration the UPDRS to MDS-UPDRS conversion factor of 1.4, our data are consistent with these previously completed studies. 18 Not surprisingly, our data demonstrate significant differences in the rate of change in the MDS-UPDRS in participants who initiated DT (42% of the cohort) versus those who remained untreated at 1 year of follow-up (41%). DT provides a robust symptomatic benefit in early PD, and once DT is initiated, the rate of change of motor disability flattens until participants reach more advanced stages of PD dominated by levodopa-resistant symptoms. 19 These data are crucial to design of clinical trials that plan to recruit early untreated PD participants who will require DT even within the first year of evaluation. Interestingly, 17% of the participants who were treated with non-DT PD medications (MAO-Bs and/or anticholinergics and amantadine) at year 1 had a change in the MDS-UPDRS in between the values seen in DT-treated and untreated individuals, but closer to those who remained untreated. These data reflect the lower potency of these agents. Our data cannot be directly compared to the longitudinal studies that tested efficacy of rasagiline in a de novo population because we Report generated on data submitted as of October 23, 2017. SBR, specific binding ratio. DAT, DaTSCAN-Dopamine transporter; DatScanV R , 123-I Ioflupane; SPECT, single photon emission computed tomography imaging.
assessed cumulative effect of these agents in our analysis. 20 The PPMI cohort data are in accord with the majority of previously reported studies demonstrating 60% rate of initiation of any PD medication by year 1 (Fig. 1D) . 10 As expected, non-DT therapies are initiated earlier than major classes of DT.
It is also not surprising that the difference between MDS-UPDRS OFF and ON scores in the treated participants was very modest given their early stage of disease. That was true even in the subset of the participants treated only with levodopa. Many participants were treated with long-acting DT agents, such as long-acting dopamine agonists, and wearing off of symptomatic benefit would be expected to be minimal. In addition, as was demonstrated in other studies, 21 even in participants treated with levodopa alone, there is a well-established phenomenon of levodopa longduration response with time to wash out of symptomatic benefit exceeding 2 weeks, particularly early in treatment. Although the minimum requirement for OFF time in the PPMI study is 6 hours compared to the 12 hours practically defined OFF state, 22 the average time to OFF assessment at all time points was >12 hours, and 80% or more of OFF exams were completed after 12 hours, and as such we do not believe it had an impact on the magnitude of OFF/ON difference. Such small delta in OFF/ON scores raises the question of validity of OFF assessments in the early-PD population, and it might be reasonable to consider ON assessments as a longitudinal outcome in early PD.
Those participants who did not require initiation of DT had milder disease at baseline. At first glance, paradoxically they had a larger and less variable change in MDS-UPDRS during the 12 and 24 months, but that can be explained by the fact that they do not experience the benefit of robust improvement with DT. Overall, these MDS-UPDRS data analyzed by DT treatment status provide a scaffold for planning the scope and duration of clinical trials with different sets of assumptions and study inclusion criteria.
We also report the longitudinal change in DAT binding in this cohort. A reduction in DAT binding was an eligibility requirement for the PD participants. During the 4-year assessment interval, there was a marked additional reduction in DAT binding in all regions. The reduction was evident in all regions, but more marked in the putamen, consistent with the prior studies. 16 The change in ipsilateral putamen was greater than the change in contralateral putamen at all time points, suggesting that there may be a floor effect limiting the already reduced contralateral putamen. These data also demonstrate that the annualized change in DAT binding was greatest at year 1 when compared with years 2 and 4. These data may be consistent with recent pathology data suggesting that DAT terminal have largely disappeared by year 4 of diagnosis, 23 again creating a floor effect for change in DAT binding. These data also suggest the limitations of the linear change analysis for DAT binding.
MDS-UPDRS data and DAT-binding data show significant but modest correlation at baseline and at years 1, 2, and 4 of evaluation. The modest correlation is explained by the fact that these outcomes measure overlapping but different aspects of PD pathology and are manifest at different stages of the neurodegeneration in PD. Considering that the earliest clinical motor manifestations of PD occur at the point of at least 50% loss of dopaminergic transporter binding, such weak correlation is not surprising. Finally, the comparison of MDS-UPDRS and DAT binding in years 1 to 4 is confounded by the profound treatment effect of PD medications on motor MDS-UPDRS scores, although the analysis was run for the OFF scores. The lack of robust correlation between the change in MDS-UPDRS and percent change in DAT binding is similarly explained by the confounding effect of DT on MDS-UPDRS change. Correlation of change is further limited because the change in both MDS-UPDRS and DAT binding is small and variable just as typical clinical progression is slow and subject specific. Given the lack of correlation, DAT binding cannot be considered a surrogate outcome for MDS-UPDRS in early PD clinical trials. However, despite the lack of correlation with UPDRS, the effect of medications designed to slow disease progression on the longitudinal change in DAT binding may be a valuable tool to assess drug mechanism, particularly in early decision-making trials.
Some limitations of the PPMI study design have to be acknowledged. The PPMI recruited participants with very early PD who were younger and had less baseline disability than the general PD population, and as such the PPMI cohort cannot be considered and was never intended to be representative of the natural history of PD progression. The primary objective of the PPMI study is to facilitate the development of biomarkers of PD progression, and novel PD therapeutics and demographics of the PPMI cohort are similar to the participants recruited in PD de novo interventional studies. For the same reason, the pattern of PD medications utilization in PPMI cohort is not reflective of the PD population at large. However, interestingly as early as year 2, close to 50% of the treated participants were using levodopa, and by 5 years this figure increased to 83%. Conversely, the percent of participants treated with dopamine agonists remained fairly stable at about 40%. These numbers largely reflect a shift in the prescribing patterns from dopamine agonists to levodopa that occurred during the time that our data were collected. Another limitation is the incomplete dataset on MDS-UPDRS assessments in the OFF state. As the PPMI is an ongoing study, we are working to increase the OFF data collection to be available at even later time points.
In conclusion, we provide data on the 2 anchor outcomes in the PPMI study: longitudinal change of the MDS-UPDRS and DAT binding in the cohort of recently diagnosed PD patients. Additional longitudinal clinical, biomarker, and genetic assessments of the PPMI cohort are reported and will be reported in other articles. Our data provide comprehensive information on these measures as participant's progress over time and begin PD treatments. Our results provide a framework for designing studies that incorporate clinical and DAT imaging measures in de novo PD participants. Such studies may signal a more accurate and efficient process toward the development of disease-modifying treatments for PD. 
